DNA complementary to the 3'-terminal 3684 nucleotides of the Ornithogalum mosaic potyvirus (OMV) genome was cloned and sequenced. The sequence consisted of a single large open reading frame which probably starts upstream of the cloned region. By comparison to other sequenced potyviruses, it was estimated that the clone contained the 3' non-coding (3'-NC) region, the coat protein (CP) gene and the large nuclear inclusion protein (NIb) gene, as well as approximately 85% of the small nuclear inclusion protein (NIa) gene. The 3'-NC region of 274 nucleotides showed 38 % to 45 % similarity to the corresponding regions of other potyviruses. The putative CP gene could encode a 253 amino acid coat protein with a calculated Mr of 28 807. A~nalysis of the amino acid sequences of OMV and other potyvirus proteins showed similarities of 66% to 77% for CP, 72% to 73% for Nlb and 63% to 71% for NIa proteins. These data, as well as phylogenetic analysis of the CP sequences, suggested that OMV is a typical but taxonomically distinct potyvirus.
Introduction
Ornithogalum mosaic potyvirus (OMV) causes severe leaf mosaic symptoms as well as flower deformation in Ornithogalum and Lachenalia spp. which are grown commercially as ornamental bulbs (Burger &von Wechmar, 1989) . OMV is a typical potyvirus, both in its serological relatedness to a number of other potyviruses, and its other properties: OMV has 720 nm filamentous aphid-transmissible particles, a 30K coat protein (CP) and a 2.9 x 106 M r polyadenylated ssRNA genome (Burger &von Wechmar, 1989 ). OMV appears to be a distinct potyvirus; however, as there are at present over 175 definitive and possible potyviruses listed (Milne, 1988) , it has become important to establish good criteria for deciding whether new viruses are taxonomically distinct from established viruses. In a recent review of potyvirus identification and classification, echoed the opinion of many virologists that potyvirus taxonomy is in an unsatisfactory state. There is increasing evidence that certain 'distinct' .potyviruses should actually be considered as strains of others, i.e. pepper mottle virus (PeMV) a strain of potato Virus Y (PVY) (Shukla et al., 1988 a; Frenkel et aL, 1989 ; ~Hay et al., 1989; van der Vlugt et al., 1989) , whereas others, such as soybean mosaic virus (SMV) and sugarcane mosaic virus (SCMV), were shown to each consist of more than ]-Present address: Vegetable and Ornamental Plant Research Institute, Private Bag X293, Pretoria 0001, South Africa. one distinct virus (Shukla & Ward, 1988; .
Potyviruses have certain fundamental properties in common: the genomes are monopartite, plus-sense, ss-RNA molecules of approximately 10 kb, with a small genome-linked protein (VPg) covalently linked at the 5' end of the genome (Hari, 1981; Siaw et al., 1985; Shahabuddin et al., 1988; Riechmann et al., 1989) , whereas the 3' end is polyadenylated (Hari et al., 1979) . In vitro translation studies on a number of potyviruses have shown that the genomic RNA is translated to yield a single large polyprotein precursor of about 340K, which is subsequently post-translationally cleaved by at least two virus-encoded proteinases into functional mature viral proteins (Vance & Beachy, 1984; AUison et al., 1985 AUison et al., , 1986 Carrington & Dougherty, 1987b; Chang et al., 1988; Hellmann et al., 1988; Carrington et al., 1989) . Genomic sequencing of tobacco etch virus (TEV) and tobacco vein mottling virus (TVMV) has enabled the mapping of eight potentially functional proteins on the potyviral polyprotein (Dougherty & Carrington, 1988) . Both the amino acid sequence of the CP gene (Shukla & Ward, 1988 , 1989 and the nucleotide sequence of the 3' non-coding (3'-NC) region (Frenkel et al., 1989) have recently been proposed as tools for potyvirus classification. in particular have demonstrated that aligning the CP sequences of 25 strains of 11 distinct potyviruses gives a phylogenetic tree consistent with other observations on the grouping of potyviruses.
In this paper we report the cloning and sequencing of the 3' 3684 nucleotides of the OMV genome, including putative CP and large nuclear inclusion protein (NIb) genes, as well as the largest part of the small nuclear inclusion protein (NIa) gene homologue. These were identified by their similarity to nucleotide and predicted amino acid sequences previously determined for several potyviruses. Analysis of CP amino acid sequences and other sequence data, and their relevance to the classification of OMV as a distinct potyvirus, are discussed.
Methods
Virus purification and RNA extraction. OMV was purified from systemically infected Ornithogalum thyrsoides and RNA extracted from the virions as described previously (Burger & von Wechmar, 1989) .
Synthesis and cloning of complementary DNA. Freshly prepared OMV RNA was denatured with methylmercuric hydroxide, annealed to an oligo [d(T)~:_ls] primer (Arnersham), and used as template for firststrand cDNA synthesis using moloney murine leukaemia virus reverse transcriptase (Boehringer Mannheim). The second DNA strand was synthesized according to the method of Gubler & Hoffman (1983) , using RNase H, DNA polymerase I and T4 DNA polymerase (Amersham). Blunt-ended dsRNA molecules were ligated into the SmaI site of the pUC19 polylinker (Yanisch-Perron et al., 1985) at 15°C for 16h using T4 DNA ligase (Boehringer Mannheim). Recombinant plasmids were used to transform Escherichia coil LK-111 competent cells (Chung & Miller, 1988) . White colonies were selected for colony hybridization assays, performed according to Buluwela et al. (1989) . OMV genomic RNA, 5' endqabeUed with [~/-321dATP using T4 polynucleotide kinase (Boehringer Mannheim), was used as a probe (Chaconas & van de Sande, 1980) . Recombinant plasmid DNA, used in all subsequent manipulations, was isolated by the alkaline lysis method of Ish-Horowicz & Burke (1981) , followed by caesium chloride density gradient centrifugation in the presence of ethidium bromide (Maniatis et al., 1982) .
Nucleotide sequence determination. In order to sequence both strands completely, the OMV-specific insert from the largest non-repetitive cDNA clone (pOMl6) was excised using BamHI and KpnI and subcloned in pUC18 to create pOM21. Both these plasmids were subjected to unidirectional shortening using exonuclease III (Boehringer Mannheim) and S1 nuclease (Boehringer Mannheim) to create two sets of overlapping deletion mutants for sequencing (Henikoff, 1984) .
Nucleotide sequencing was performed on alkaline-denatured dsDNA templates by the dideoxynucleotide chain termination method of Sanger et al. (1977) , as adapted by W inship (1989). The sequencing primers 5' CAGGAAACAGCTATGAC 3' (Amersham) and 5' GTTTTCCCAGTCACGAC 3' (US Biochemicals) for pOM16 and pOM2I, respectively, were annealed to templates by incubating at 40 °C for 5 min, followed by slow cooling. Labelling and termination reactions were carried out in the presence of 10% (v/v) DMSO using modified T7 DNA polymerase (Sequenase; US Biochemicals). Denaturing acrylamide sequencing gels of 4.8% and 6% (w/v) polyacrylamide (BDH Electran) containing 7 M-urea (ICN Biomedicals) were routinely used.
Sequence analysis. Computer analysis of sequence data and compilation of the partial genomic sequence was done using Genepro version 4.0 software (Riverside Scientific) on a microcomputer. This was also used for preliminary comparisons of nucleotide and predicted amino acid sequences of OMV and other potyviruses, obtained from the GenBank sequence database and from recently published papers (for references see Table 1 ). Pairwise alignments of the putative CP, NIb and NIa homologous amino acid sequences of several sequenced potyviruses were done using the Gap program of the University of Wisconsin Genetics Computer Group (UWGCG) package version 6.1 (Devereux et al., 1984) , run on a DEC/VAX 6000-330 mainframe computer. The LineUp and Distances programs of the same package were used for multiple sequence alignment and presentation, and for pairwise percentage sequence similarity determination, respectively. The KITSCH program of the Phylogeny Inference Package (PHYLIP) version 3.1 (J. Felsentein, Department of Genetics, University of Washington, Seattle, Wash., U.S.A.) was used for the calculation of a phylogenetic tree from a distance data matrix obtained from the UWGCG Distances output. This program assumes a molecular clock and contemporaneous tip species.
Results and Discussion

cDNA cloning
Approximately 100 white colonies were selected from several hundred transformants for colony hybridization assays. Of these 18 gave positive hybridization signals when probed with [7-32p] dATP-labelled OMV RNA (results not shown). Insert sizes of the 18 clones were determined by agarose gel electrophoresis after purified plasmid DNA was linearized by PstI digestion and ranged from approximately 200 to 3700 bp (data not shown). Preliminary restriction mapping was done to determine the orientation of clones (not shown). The largest non-repetitive clone (pOM16; 3.7kb), which probably contained the Y-NC region, the CP and NIb genes as well as the largest part of the NIa gene ( Fig. 1 a  and b) , was selected for nucleotide sequence determination.
Nucleotide sequencing
Preliminary restriction mapping of pOM 16 showed that there were not enough unique restriction sites in the pUC 19 polylinker to do unidirectional Henikoff shortenings in both directions. The OMV insert was therefore excised and subcloned in the opposite orientation in pUC18 to create pOM21. This plasmid lacked the 3'-terminal 372 base pairs of pOM16 because of an internal KpnI site in the pOM16 sequence. The second strand of this small fragment (see Fig. 1 ) was sequenced using the universal forward primer 5' GTTTTCCCAGTCAC-GAC 3'. Sixteen and 18 overlapping deletiofi mutants were selected from Henikoff shortening experiments of pOM16 and pOM21, respectively; these decreased in size by 200 to 500 bp increments (see single large open reading frame (ORF) of 3408 nucleotides in reading frame 3 of the virion-sense cDNA. No other significant ORFs were observed in any of the other five possible reading frames. As the large ORF was in frame from the beginning of the sequence, it was assumed that the putative translational start codon is located well upstream of the pOMl6 sequence, as has been shown for all potyviruses for which the complete nucleotide sequences have been determined (Allison et al., 1986; Domier et al., 1986; Maiss et al., 1989; Robaglia et al., 1989) . A TGA termination codon was identified 274 nucleotides upstream of a 23 residue 3' polyadenylate tract. The putative 3'-NC region contained multiple termination codons in all reading frames.
Analysis of the Y-NC region
The length of 274 nucleotides determined for the OMV Y-NC region was well within the reported potyvirus range of 169 to 475 nucleotides (Hammond & Hammond, 1989; Gough et al., 1987) . Neither of the potential eukaryotic polyadenylation signals AAUAAA (Nevins, 1983) or UAUGU (Zaret & Sherman, 1982) , which have been reported for several other potyviruses, could be found in this region. This fact led us to support the hypothesis of Hammond & Hammond (1989) that these GC~GGCAGTT~TGTTA~kAATGTCGG~GTGCCAGTGGAG~TG~CTTG~G~GTTGAGCATG~GGG~G~CTTG~TAGAGGACTTCGAGACTA 400 (1989) have proposed that the nucleotide sequence similarities between the 3'-NC regions of potyviral genomes are useful for taxonomic purposes. They determined that percentage sequence similarities between accepted virus strains ranged from 83~ to 99~, whereas similarities between distinct viruses ranged between 39~ and 53 ~. Apparent sequence similarities between Y-NC regions of OMV and other potyviruses ranged from 38~ to 45~, with an average of 41.00 + 2.59~ (see Table 1 ); the calculated similarities between other viruses were very similar to those determined by Frenkel et al. (1989) (data not shown). The relevance of this similarity becomes doubtful, however, when the value is compared to the 39.21 + 3.64~ 'similarity' shared by a 441 bp sequence derived from the CP gene of human papillomavirus type 18 and the same potyvirus sequences (E. P. Rybicki, unpublished data). This strongly suggests that the sequence similarities between distinct potyviruses are actually in the range of coincidental alignments and that 3' sequence similarities may only be used to distinguish between virus strains, as was also suggested by Frenkel et al. (1989) .
Analysis of coding regions
The location of the OMV CP gene was determined by comparison of the deduced OMV partial polyprotein amino acid sequence with those of several other potyviruses. Using the proposed consensus polyprotein cleavage sites, V(R or K)FQ/(G or S) for TVMV (Domier et al., 1986) , E--Y-Q/(G or S) for TEV (Carrington & Dougherty, 1987a, b; Dougherty et al., 1989a) and V-(H or E)Q/(G or S or A) for PVY-N (Robaglia et al., 1989) , as indicators, OMV CP is predicted to be cleaved from the putative polyprotein between the Q/A dipeptide sequence at amino acid position -253/-254 (see Fig. 2 ). Another potential cleavage site in this region was the Q/G dipeptide at position -300/-301; however cleavage at this point would result in an N-terminal extension not shared by other potyviral coat proteins (see Fig. 3 ). An M r of 28 807 was calculated for the 253 amino acid putative CP, which is in reasonable agreement with the Mr of 30000 determined experimentally by SDS-PAGE (Burger & von Wechmar, 1989) . The putative OMV CP sequence was aligned with and compared to those of several other potyviruses (Fig. 3 ) and the C-terminal sequence showed
TEV-NAT ADEREDEEEV DAGKPIWTA pAATSpLLQ ppPVIQpA2R TTAPMLNPIF TPATTQPA.T KPVSQVPGPQ LQT~GTYGNE DASPSN,SNA **~*em~ dagkdskk*a kpkq*ki*Lq p*~******* ********** **~*~** ********** *w******** ***~**~* far greater similarity than the N-terminal sequence, as is true for all known potyviruses (Shukla & Ward, 1988 , 1989 . Sequence similarity between OMV and other potyviruses varied between 66~ and 77~o (see Table 1 ), with comparisons among other potyviruses appearing to be very similar to the values determined by Shukla & Ward (1988 , 1989 . These authors concluded that sequence similarity between distinct potyviruses ranged from 38~ to 71 ~ whereas that between strains of one virus ranged from 90~ to 99~o. Our data suggests that OMV is clearly a distinct potyvirus by these criteria. Fig. 2 . This is shown as the product of a polyprotein cleavage between the Q and G residues at position -771/-772. Sequence similarities between this and other putative NIb proteins were 72% and 73% (Table 1) , confirming previous findings that the NIb proteins are the most conserved of the mature potyviral proteins (Maiss et al., 1989; Robaglia et al., 1989 ). An RNA-dependent RNA polymerase function has been proposed for this region: putative RNA polymerases of potyviruses, other plant viruses and animal viruses contain two short stretches of identical amino acid sequence near their C termini (Argos et al., 1984; Domier et al., 1987) . These two sequences (GXXXTXXXN and GDD) were found 31 residues apart, near the C terminus of the putative OMV NIb protein (Fig. 2) .
The sequence upstream of the NIb gene could encode an NIa-equivalent polypeptide of at least 365 amino acids. Amino acid similarity (Table 1) , as well as size comparisons with other potyvirus NIa genes, indicated that the N-terminal cleavage site for this gene was not contained within the pOM16 clone, but would probably be located on the polyprotein approximately 60 amino acids upstream. This suggests that pOM16 contained approximately 85% of the NIa gene. It has been shown that this region encodes the proteinase responsible for the post-translational cleavage of at least five proteins, all from the C-terminal two-thirds of the polyprotein (Carrington & Dougherty, 1987a, b ). An amino acid sequence near the C terminus of the NIa protein shows a high degree of similarity to proteases of other plant and animal viruses; it has been suggested that the cysteine and histidine residues, which are conserved in this cluster, are involved at the active site of these proteinases (Argos et al., 1984; Domier et al., 1987) . More recently, Dougherty et al. (1989b) proposed that the conserved histidine, aspartic acid and cysteine residues are important in the catalytic activity of the TEV proteinase. The putative OMV NIa protein contains all of these conserved residues (Fig. 2) .
We conclude that OMV is a typical, but taxonomically distinct, potyvirus. Our results expand the body of data available on the different putative proteins of potyviruses and serve to vindicate the taxonomic predictions made by Shukla & Ward (1988 , 1989 , in that CP sequence data were most useful in assigning the virus taxonomically. The phylogenetic speculations made in this paper may also be of general use in potyvirus taxonomy.
The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and Genbank Nucleotide Sequence Databases under the accession number D00615. 
